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Detailed study of the ectoderm and mesoderm has led to increasingly refined understanding of molecular mechanisms that
operate early in development to generate cellular diversity. More recently, a number of powerful studies have begun to
characterize the molecular determinants of the endoderm, a germ layer previously neglected in developmental biology.
Work in diverse model systems has converged on an integrated transcriptional and signaling pathway that serves to establish
the vertebrate endoderm. A T-box transcription factor identified in Xenopus embryos, VegT, appears to function near the
top of an endoderm-specifying transcriptional hierarchy. VegT activates and reinforces Nodal-related TGF signaling and
also induces expression of essential downstream transcriptional regulators, Mix-like paired-homeodomain and GATA
factors. These proteins cooperate to regulate expression of a relay of HMG-box Sox-family transcription factors culminating
with Sox 17, which may be an obligate mediator of vertebrate endoderm development. This review synthesizes findings in
three vertebrate model organisms and discusses these genetic interactions in the context of the progressive acquisition of
endodermal identity early in vertebrate development. © 2002 Elsevier Science (USA)INTRODUCTION
Triploblastic metazoans, representing nearly the entire
animal kingdom, generate three germ layers early in em-
bryonic development. The endoderm, usually the inner-
most layer, differentiates into a major portion of the diges-
tive tract. In higher animals, endodermal derivatives
constitute the entire gastrointestinal epithelium, as well as
variable portions of its evaginated structures, the lungs,
liver, pancreas, biliary system, thyroid gland, and thymus.
Early in development, additional roles of the vertebrate
endoderm include induction of new structures in adjacent
tissues, including parts of the heart and head (Nascone and
Mercola, 1995; Bouwmeester et al., 1996; Beddington and
Robertson, 1998; Couly et al., 2002).
Of the three primary germ layers, the ectoderm and
mesoderm have traditionally received considerably more
experimental attention than the endoderm. Recently, a
confluence of studies has served to correct this historic
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All rights reserved.imbalance and to elucidate fundamental molecular mecha-
nisms underlying endoderm development. Here, I attempt
to synthesize those recent findings that contribute toward a
coherent schema of early endoderm differentiation. This
review is limited to studies in selected vertebrate species,
principally the amphibian Xenopus laevis, the teleost
Danio rerio, and the mammal Mus musculus, and to early
processes that establish endoderm cell fate. Readers are
referred to other recent reviews that treat invertebrate
mechanisms and patterning of the vertebrate endoderm in
greater detail (Bienz, 1997; Wells and Melton, 1999; Grapin-
Botton and Melton, 2000; Kimelman and Griffin, 2000;
Clements et al., 2001; Stainier, 2002).
ANATOMIC AND GERM LAYER
CONSIDERATIONS
The earliest mesoderm and endoderm are intimately
linked through anatomic proximity and shared molecular
mechanisms, and only separate completely during gastru-
lation. Appreciation of this relationship, which is conserved
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across evolution, has led to the concept of a mesendodermal
field that is distinguished from the ectoderm (Kimelman
and Griffin, 2000; Rodaway and Patient, 2001). One inter-
pretation of a large body of work is that the primitive
mesendoderm harbors some degree of developmental plas-
ticity, and its segregation into mesoderm and endoderm
relies on the appropriate combinations of molecular deter-
minants in each compartment. Thus, failure of endoderm
development frequently results in an increase in mesoderm,
and expansion of the endoderm in experimental models
occurs at the particular expense of mesoderm (Henry and
Melton, 1998; Yasuo and Lemaire, 1999; Kikuchi et al.,
2001). Understanding of the mechanisms by which meso-
derm and endoderm segregate from each other is incom-
plete; current concepts are discussed in this review.
Some features of early endoderm anatomy in different
species are illustrated in Fig. 1. The origin of the vertebrate
endoderm is perhaps best delineated in the early amphibian
FIG. 1. Anatomy of the early endoderm in Xenopus (A–C), zebrafish (D–F), and mouse (G, H) embryos, shown in conjuction with
schematic fate maps which depict the origin of the majority of the endoderm (A) in the vegetal hemisphere of Xenopus embryos and (D)
in the four marginal blastomere tiers in Danio (Warga and Nusslein-Volhard, 1999). (B) Photomicrograph of the Xenopus blastula (Hausen
and Riebesell, 1991), with pigmented ectodermal precursors in the blastocoel roof (top) and endoderm precursors in the vegetal pole
(bottom). Data are also shown for mRNA in situ hybridization for endodermal markers, Xsox17 (C) in Xenopus (Zorn et al., 1999b) and
Bonnie and clyde (Bon; side view in E, top view in F) in D. rerio (Kikuchi et al., 2000). (G,H) Mouse embryo at the end of gastrulation, when
the endoderm (arrows in G) is transiently an external tissue layer, and with the endoderm stripped away (H) to reveal its relationship to the
rest of the epiblast (Wells and Melton, 2000). Individual panels reprinted with permission from (B) Springer-Verlag Publishers, (D, G, and
H) The Company of Biologists Ltd., and (E and F) Cold Spring Harbor Laboratory Press.
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embryo, where pigmented cells of the animal pole form the
ectoderm and yolky cells of the vegetal pole develop into
endoderm. The presumptive dorsal endoderm is also the
site of the Nieuwkoop center, a source of inductive signals
that generate an equatorial mesodermal compartment
(Nieuwkoop, 1969). The zebrafish endoderm develops from
the four most marginal blastomere tiers of the late blastula-
stage embryo. During gastrulation, these cells migrate over
an extraembryonic yolk syncytial layer (YSL, an important
source of inductive signals), involute, acquire a distinctive
flat morphology, and occupy the space immediately overly-
ing the YSL (Warga and Kimmel, 1990; Warga and Nusslein-
Volhard, 1999). Mammalian embryos produce two forms of
endoderm: primitive (visceral), which colonizes extraem-
bryonic tissues, and definitive, which contributes exclu-
sively to fetal tissues (Gardner, 1982). During gastrulation,
mesendoderm cells accumulate at the site of the prospec-
tive node, involute largely through the anterior primitive
streak, migrate along the midline, and eventually give
rise to the notochord and definitive endoderm. A smaller
fraction of the endoderm is produced by delamination
of ectodermal cells (Lawson and Pedersen, 1987; Tam
and Beddington, 1992). Key alterations in gene expression
must accompany gastrulation movements and allow tran-
FIG. 2. Transcription factors (green) and signaling proteins (blue, yellow) that function within recently elucidated pathways of early
endoderm differentiation in X. laevis (left) and D. rerio (right). Maternal (top) and zygotic (bottom) determinants are indicated, and the
progressive commitment of mesendodermal progenitors to endodermal cell fate is depicted as a continuum in the gray bar to the left. Solid
arrows indicate experimental evidence for induction or genetic interaction, whereas dotted arrows point to likely but yet unproven
relationships. To date, only a single Mix-like transcription factor, bonnie and clyde (bon), is implicated genetically in zebrafish endoderm
formation, in contrast to a panoply of related Mix proteins in Xenopus. Vg1 is a Xenopus TGF ligand not discussed in this review.
Orthologs for Xenopus Veg T and zebrafish casanova remain unidentified. The transcription factors shown probably function cell
autonomously; although the secreted proteins act on cells neighboring those that release them, autocrine action on producer cells
themselves is also likely.
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siently juxtaposed cells to exchange vital information
rapidly.
THE HIERARCHY OF SIGNALS IN EARLY
ENDODERM DEVELOPMENT
Recent insights into vertebrate endoderm specification
highlight a conserved pathway in which cells respond to the
Nodal class of TGF signals and to the actions of transcrip-
tional regulators from at least four distinct families. The
experimental evidence favors multistep models of
endoderm differentiation (Alexander and Stainier, 1999;
Yasuo and Lemaire, 1999). In initial phases, regional cues,
including Nodal-related signals and maternally deposited
transcription factors, define the prospective endoderm
within a mesendodermal field; subsequently, their down-
stream effectors generate and stabilize the genetic program
that commits cells to the endoderm lineage. Both Nodal
signals and some early acting transcription factors operate
in prospective mesoderm as well as endoderm, yet engender
distinct cellular responses. Although these signaling com-
ponents may in one sense help define the mesendoderm,
the full basis for selectivity in cellular responses that
distinguish the two daughter germ layers remains under
investigation. Present understanding rests in part on other
transcription factors that are expressed exclusively in pro-
spective endoderm and appear to function in a relay that
progressively confers target cells with endodermal identity.
In the following sections, I first describe the conserved
pathway of transcription factors and secreted signals that
combine to specify the vertebrate endoderm. Later, I use
this framework to outline some open questions and future
directions in this area of developmental biology.
A CONSERVED TRANSCRIPTIONAL
PATHWAY IN ENDODERM
DIFFERENTIATION
I. Transcription Factors of the Mix and Sox
Families
Endoderm differentiation in Xenopus is largely tissue
autonomous (Wylie et al., 1987; Jones et al., 1993), as
embryonic explants composed exclusively of vegetal blas-
tomeres can initiate expression of endoderm-specific mark-
ers in the absence of extraneous signals (Gamer and Wright,
1995; Henry et al., 1996). Targeted molecular studies con-
sequently focused on vegetal-restricted transcripts in Xeno-
pus embryos (Hudson et al., 1997; Henry and Melton, 1998).
These studies implicated the Sry-related high-mobility
group (HMG)-box transcription factors XSox 17 and  and
the homeodomain protein Mixer/Mix.3 in endoderm speci-
fication. Each of these zygotic factors shows transient,
endoderm-restricted expression and imparts endodermal
character to Xenopus ectodermal explants, whereas artifi-
cial dominant antagonists inhibit endogenous endoderm
development. Furthermore, Mixer appears to maintain tran-
scription of XSox17 and  mRNAs for some period,
suggesting the presence of a linear relay between these
transcription factors (Henry and Melton, 1998).
A panoply of Mixer-related paired-type homeodomain
proteins is expressed in patterns that overlap with Mixer in
space and time, including Milk/Bix2, Mix.1, Bix1/Mix.4,
and Bix4 (Ecochard et al., 1998; Lemaire et al., 1998; Tada et
al., 1998; Casey et al., 1999). Each of these factors also
induces endoderm in Xenopus embryos, albeit not always
in isolation. Milk/Bix2, Mix.1, and Mixer induce only
endoderm and may do so at the expense of mesoderm,
whereas Bix1/Mix.4 can also induce mesoderm. Moreover,
Mix-like proteins can form functional heterodimers (Mead
et al., 1996), raising the prospect of combinatorial complex-
ity and adding to uncertainty about the relative importance
of individual Mix factors. Nevertheless, the notion that
some forms of Mix-like and Sox transcriptional activity
operate to establish the vertebrate endoderm receives
strong support from several independent observations.
Mutations in the zebrafish Mix-related gene Bonnie and
clyde (Bon) substantially reduce the number of endodermal
precursor cells and gut size (Kikuchi et al., 2000). Two
aspects of Bon are of particular interest. First, the mutant
phenotype is severe but incomplete, perhaps reflecting the
redundant activity of other Mix-like genes in zebrafish, just
as is probably the case in Xenopus. Second, Bon mRNA is
expressed in an embryonic distribution that encompasses
much of the prospective mesoderm (Alexander et al., 1999),
reminiscent of some Xenopus Mix-like genes (Ecochard et
al., 1998; Lemaire et al., 1998). Thus, one role of Mix
homeodomain proteins as a family may be to help define all
or part of the mesendoderm, then facilitate a portion of this
field to develop into endoderm. The single known zebrafish
homolog of XSox17 and  is also localized in endodermal
cells throughout gastrulation and is induced ectopically
upon Bon overexpression in wild-type embryos (Alexander
and Stainier, 1999). Taken together, these results help
construct the core of a conserved transcriptional pathway
(Fig. 2), wherein Mix-like factors specify the endoderm in
part through the downstream activity of Sox17.
Zebrafish Casanova (Cas) encodes a distinct HMG-box
protein that is closely related to Sox17 and is restricted in
expression to the YSL and the prospective endoderm (Dick-
meis et al., 2001; Kikuchi et al., 2001). Cas mutants reveal
early, cell-autonomous failure of endoderm differentiation,
including absence of Sox17 mRNA, and misappropriation of
the prospective endoderm to mesodermal cell fates (Dick-
meis et al., 2001; Kikuchi et al., 2001; Aoki et al., 2002a).
However, Bon expression is nearly normal, and in wild-type
embryos, Bon is required for Cas expression; overexpressing
Bon in cas mutants does not restore endoderm, whereas
forced expression of Cas in either cas or bon mutants does
(Alexander et al., 1999; Alexander and Stainier, 1999; Aoki
et al., 2002a). These results collectively imply that Cas
occupies a pivotal role in the proposed transcriptional
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hierarchy of endoderm differentiation, probably acting just
upstream of Sox17 to confer endodermal identity on a
subset of mesendodermal precursors (Fig. 2).
Characterizing the elements of this pathway in mice will
permit targeted mutagenesis for fine genetic analysis of
endoderm differentiation. A murine Mix-like gene Mml is
expressed in the primitive streak in a pattern consistent
with a role in early endoderm development, but its function
is as yet unknown (Pearce and Evans, 1999). Sox17 knock-
out mice show reduced endoderm in the caudal intestine
and delayed, defective development of the foregut epithe-
lium (Kanai-Azuma et al., 2002); other aspects of endoderm
differentiation are less affected. As this phenotype does not
exactly match predictions from the findings in Xenopus and
zebrafish, it suggests either that genes labeled as Sox17
across species are not orthologous or that there is some
functional redundancy in establishing the vertebrate
endoderm. Mix- and Sox-like transcription factors are not
encoded within the Caenorhabditis elegans or Drosophila
genomes, suggesting divergence of fundamental germ layer
differentiation mechanisms after separation of the protos-
tomal and deuterostomal lineages.
II. The Role of VegT
Mix- and Sox17-related proteins are the products of
zygotic transcripts, whereas at least in Xenopus, maternal
determinants are expected to play an essential, earlier role
in generating endoderm. The Xenopus gene VegT/
Antipodean/Brat/Xombi (now commonly designated VegT)
possesses many properties consistent with such a function.
VegT mRNA is largely localized to prospective endoderm in
the vegetal hemisphere of the egg and early embryo (Lustig
et al., 1996; Stennard et al., 1996; Zhang and King, 1996;
Horb and Thomsen, 1997), and it induces endoderm when
expressed ectopically in animal cap explants (Horb and
Thomsen, 1997). Selective depletion of the maternal store
of Xenopus VegT mRNA abrogates differentiation of all
endoderm and most mesoderm, defects that are corrected
by reexpressing VegT (Zhang et al., 1998). Of all the
endodermal genes examined, only low-level expression of
XSox17 is detected in VegT-depleted embryos (Xanthos et
al., 2001). These results implicate VegT as the primary
maternal regulator of endoderm specification in the vegetal
cell mass; mesoderm abnormalities likely result second-
arily from the failure to generate inductive signals in the
endoderm. Indeed, VegT appears to be required for zygotic
expression of selected fibroblast growth factor (FGF) and
transforming growth factor (TGF)- proteins, some of
which, as we shall see below, are essential for differentia-
tion of both endoderm and mesoderm.
Although Veg T is presumed to act upstream of Mix- and
Sox-family proteins, there is yet no definitive elucidation of
a linear pathway to link these transcription factors directly.
Mix.1, Bix1, Bix4, and Sox17 and  are all probably direct
targets of VegT to varying degrees (Tada et al., 1998; Casey
et al., 1999; Clements et al., 1999; Yasuo and Lemaire,
1999). In VegT-depleted embryos, Mixer, acting alone or in
combination with XGATA5, restores expression of few
endodermal genes in the gastrula (and, curiously, rescues
additional endoderm markers by tailbud stages), whereas
Bix4 weakly and belatedly improves XSox17 expression
(Casey et al., 1999); XSox17 alone is unable to restore the
endoderm (Xanthos et al., 2001). However, the relative
importance of the various Mix-like proteins in vivo is
unclear and data pertaining to VegT induction of Mixer are
contradictory (Horb and Thomsen, 1997; Clements et al.,
1999). The sum of these observations strongly suggests that
key transcription factors acting downstream of VegT prob-
ably do so in concert rather than in isolation and may
interact in a complex network. Their own expression is
probably achieved in part through direct transcriptional
activation by VegT and in part through the inductive effects
of TGF- proteins.
A number of VegT orthologs have been proposed in D.
rerio, including Tbx6 (Hug et al., 1997), Tbx16 (Ruvinsky et
al., 1998), and Spadetail (Griffin et al., 1998), and other
species; however, genetic analysis of these candidates with
respect to endoderm development is limited. Mutation of
the murine T-box gene Eomesodermin results in a very
early developmental arrest with failure to form endoderm,
among other abnormalities (Russ et al., 2000). The com-
plexity of this phenotype hampers interpretation of an
isolated role for Eomesodermin in endoderm development.
Indeed, it remains possible that the earliest triggers of
endoderm specification are tailored to unique embryonic
features in different species, and that VegT functions only
in amphibians.
III. GATA Transcription Factors
In contrast, GATA proteins, which control differentia-
tion in a wide variety of cell types, may represent a class of
factors that regulate early endoderm development through-
out the animal kingdom. The Drosophila GATA factor
Serpent is required to initiate and pattern development of
the midgut, the only endoderm derivative in flies (Reuter,
1994; Rehorn et al., 1996), and the linked GATA genes
end-1 and end-3 are among the earliest zygotic determi-
nants of the C. elegans endoderm (Zhu et al., 1997, 1998).
Recent studies point to related functions for vertebrate
GATA factors in endoderm development.
C. elegans End-1 induces many endodermal markers
when overexpressed in Xenopus ectodermal explants, and
dominant inhibitors suggest that endogenous GATA pro-
teins act either downstream of, or in parallel to, Mixer to
inhibit normal Xenopus endoderm development (Shoichet
et al., 2000). Consistent with this proposed role, Xenopus
GATA4 and GATA5 are expressed early in response to VegT
or to high concentrations of TGF ligands, both potent
inducers of endoderm (Yasuo and Lemaire, 1999; Weber et
al., 2000; Xanthos et al., 2001). XGATA5, in particular, is an
early gastrulation marker of the prospective endoderm and
its misexpression converts some ectomesodermal cells into
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endoderm (Weber et al., 2000). However, the most persua-
sive evidence of a role for GATA factors in vertebrate
endoderm differentiation draws on genetic studies in D.
rerio.
The zebrafish homolog of mammalian and chicken
GATA5 is specifically targeted in faust (fau) mutants,
which show a reduced endodermal cell mass and failure of
gut looping, although endoderm specification per se does
occur (Reiter et al., 1999, 2001). Importantly, both fau
alleles characterized to date reduce wild-type mRNA levels
substantially but do not eliminate it, so that the partial
phenotype may reflect residual gene expression. Fau/Gata5
is coexpressed with Bon in the blastula margin and bon;
faust double mutants show more profound reduction in
endoderm development than either mutant alone (Reiter et
al., 2001). Yet, Bon and Gata5 are not required for each
other’s expression and appear to function in parallel. Forced
expression of neither Gata5 nor Bon rescues endoderm
differentiation in cas mutants, whereas Cas expands the
endoderm compartment in fau strains without intermedi-
FIG. 3. Schema of Nodal-related TGF signaling in Xenopus (left) and zebrafish (right) endoderm development. A variety of Nodal-related
ligands probably interact at the cell surface with a complex between selected Activin class IB-receptors and Cripto-related EGF-CFC
proteins (One-eyed pinhead in zebrafish, ? in Xenopus). These interactions activate latent transcriptional regulators, Smads, and FAST
proteins, that function in nuclear complexes to activate lineage-specific genes. One important challenge is to understand how the same
factors mediate a wide range of developmental effects, and one possibility, suggested for organizer genes (Germain et al., 2000) but yet
unproven in endoderm development, is depicted here. Besides established transcriptional mechanisms for responding to TGF signals (2),
Mix-like DNA-binding proteins, induced independently or in response to TGF signals, may act in conjunction with Smads (1) to activate
Nodal-responsive endoderm-specific genes. Zebrafish Bon is inferred by analogy to participate in gene regulation similar to the proposed
role of Xenopus Mix-like factors.
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ate activation of Bon (Kikuchi et al., 2001; Reiter et al.,
2001).
A synthesis of findings in Xenopus and Danio hence
suggests that, early in vertebrate endoderm ontogeny, one
or more GATA proteins functions in parallel with Mix-
homeodomain proteins to activate downstream Sox factors
(Fig. 2). The fact that endoderm specification is preserved in
mouse knockouts of all individual GATA-factor genes
(Molkentin, 2000) thus probably reflects functional redun-
dancy among family members; GATA4 and GATA6, for
example, are coexpressed in the prospective primitive
streak endoderm (Morrisey et al., 1998). GATA proteins
also operate independently in later stages of endoderm
differentiation, evidenced in part by lineage-restricted ex-
pression and tissue and organ defects in knockout mice and
in fau mutant zebrafish (Gao et al., 1998; Morrisey et al.,
1998; Koutsourakis et al., 1999; Reiter et al., 2001; Jacobsen
et al., 2002)
SECRETED SIGNALS IN ENDODERM
DEVELOPMENT
An Essential Role for the Nodal Class of TGF
Proteins
If the transcription factors described above help specify
the vertebrate endoderm, it is important to ask how their
expression and activities might respond to extraneous cues
and how the early embryo establishes their domains of
expression. Unified models must accommodate two semi-
nal observations in Xenopus embryos. First, although
endoderm is specified very early in development, cell fate is
irreversibly determined only at gastrulation, considerably
later than the onset of expression of Mix-like and Sox
transcription factors (Heasman et al., 1984; Wylie et al.,
1987). Second, early endoderm development is sensitive
both to cellular disaggregation and to dominant inhibitors
of TGF function (Hemmati-Brivanlou and Melton, 1994;
Clements et al., 1999; Osada and Wright, 1999; Yasuo and
Lemaire, 1999; Chang and Hemmati-Brivanlou, 2000). Ex-
perimental evidence hence strongly supports a requirement
for intercellular signaling, and recent progress ascribes
central importance to the Nodal class of vertebrate TGF
proteins.
Early in mouse development, Nodal and one of its candi-
date receptors ALK4/ActRI are required for primitive
streak and node formation (Zhou et al., 1993; Conlon et al.,
1994; Gu et al., 1998), critical events in genesis of the
endoderm. Inhibition of Nodal signaling also prevents veg-
etal endoderm formation in Xenopus embryos (Osada and
Wright, 1999), and a constitutively active form of the Type
I TGF receptor TARAM-A (Peyrieras et al., 1998) or
Nodals secreted by the zebrafish YSL (Erter et al., 1998;
Feldman et al., 1998) direct responding cells to endodermal
fates. Speaking to the question more directly, zebrafish
mutants for two coexpressed Nodal-related factors, Squint
(Sqt)/Znr-2 and Cyclops (Cyc), show a reduced endodermal
compartment, whereas sqt;cyc compound homozygotes
lack endoderm entirely (Feldman et al., 1998). Early zygotic
Sqt mRNA in particular is expressed in the prospective
organizer and in the extraembryonic YSL, both sites of
mesendoderm-inducing signals, whereas late blastula-stage
expression is detected in mesendodermal precursors at the
blastoderm margin. In the absence of Nodal signals, these
cells adopt neural characteristics and fail to undergo normal
involution movements, establishing a direct function for
Nodal signals in mesendoderm fate determination (Feld-
man et al., 2000). Thus, at least one induction event
consisting of signals from the Nodal family originates in or
near the prospective endoderm and is required to establish
this germ layer in vertebrates.
Intersecting Functions of Secreted Signals and
Transcription Factors
Among recent advances in molecular analysis of early
endoderm formation, perhaps the most gratifying are those
that link Nodal signaling directly to the central transcrip-
tional pathway. Expression of the large panel of endodermal
mRNAs that is absent in VegT-depleted Xenopus embryos
is rescued upon restoration of either VegT or of the Xenopus
TGF proteins Xnr1, Xnr2, Xnr4, and derriere (Clements et
al., 1999; Xanthos et al., 2001). Moreover, dominant inhibi-
tory forms of Xnr2, derriere, or the type II activin receptor,
which antagonize endogenous TGF signaling, block VegT-
mediated rescue of endoderm development in this context.
A significant portion of VegT’s effects thus hinges on local
induction of zygotic TGF-superfamily proteins and, inter-
estingly, different endodermal genes depend on distinct
groups of ligands. However, activation of some genes,
exemplified by XSox17, is cell-autonomous, although TGF
ligands are important for reinforcing their expression
(Clements et al., 1999; Engleka et al., 2001). Accordingly, if
irreversible determination of the endoderm occurs rela-
tively late (Wylie et al., 1987), then TGF signaling, itself
the result of events occurring in the early endoderm, may
help to stabilize an expression program that is triggered by
intrinsic factors such as VegT.
Genetic analysis in zebrafish further clarifies the rela-
tionship between Nodal signals and endoderm-inducing
transcription factors. Expression of Bon, Fau, and Cas
mRNAs depends on Nodal signaling (Alexander and
Stainier, 1999; Reiter et al., 2001; Aoki et al., 2002a),
although Bon can induce some endoderm in the absence of
Nodal signals (Kikuchi et al., 2000). Thus, induction of Bon,
a Mix-like transcription factor, is one critical function of
Nodal signaling in zebrafish embryos. Moreover, induction
of Sox17 by either Nodals or by Bon and Fau depends
critically on Cas function (Alexander and Stainier, 1999;
Reiter et al., 2001), implicating the latter as a second,
obligate effector of Nodal signaling. Although these find-
ings may raise the possibility that Nodals serve exclusively
to activate endoderm-inducing transcription factors, it is
worth noting that full endoderm differentiation in mutants
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of all regulators acting upstream of Cas actually requires
continued Nodal signaling in addition to Cas expression
(Aoki et al., 2002a); this agrees with related observations in
Xenopus (Clements et al., 1999; Yasuo and Lemaire, 1999).
Thus, Nodal-related signals are essential at all stages lead-
ing to endodermal commitment and may function in part
through feed-forward autostimulation.
Biochemical and Genetic Aspects of Nodal
Signaling
Zebrafish Squint acts as a bona fide morphogen, with
cellular responses varying in relation to the ambient ligand
concentration (Chen and Schier, 2001); a similar mecha-
nism probably operates in all vertebrates, although natural
embryonal gradients of Nodal signaling are not readily
demonstrated in Xenopus (Agius et al., 2000). Nodal pro-
teins engage Type I TGF receptors ALK7 and ALK4
(TARAM-A in zebrafish) to activate the signaling interme-
diates Smad2 and Smad3 and FAST-family transcription
factors (Alexander and Stainier, 1999; Kumar et al., 2001;
Reissmann et al., 2001; Yamamoto et al., 2001; Aoki et al.,
2002b). In mice, development of the definitive endoderm is
especially dependent on Smad2 function (Tremblay et al.,
2000). Zebrafish one-eyed pinhead (oep) mutants precisely
phenocopy sqt;cyc double mutants and are unresponsive to
forced overexpression of Nodal signals (Gritsman et al.,
1999). Oep encodes a secreted protein of the EGF-CFC
family that is closely related to the mouse proteins Cripto
and Cryptic. These proteins appear to form various het-
erodimers and associate with extracellular receptor do-
mains (Minchiotti et al., 2001; Reissmann et al., 2001) to
function genetically as obligate cofactors for Nodal signals
in development (Fig. 3).
Secreted antagonists of TGF ligands play essential roles
in formation of the organizer and other tissues (Harland and
Gerhart, 1997); by analogy, secreted Nodal antagonists
could be expected to limit or modify the domain of
endoderm differentiation. Surprisingly, both chordin and
noggin, BMP-4 antagonists produced in the Xenopus orga-
nizer, potently induce endoderm when overexpressed (Sasai
et al., 1996), but the physiologic significance of this obser-
vation is unclear. More to the point, lefty2 knockout mice
display excess mesendoderm, and zebrafish Nodals induce
antivin in a presumptive feedback inhibitory pathway
(Meno et al., 1999). However, the precise role of secreted
TGF antagonists in endoderm specification remains un-
known.
Whence Specificity?
Induction of endoderm is but one facet of Nodal and its
TGF cousins, which also help establish the mesoderm and
anterior–posterior and left–right asymmetry in vertebrate
embryos. Indeed, Nodal responses vary according to the
individual competence of target cells: Sox17 expression in
Xenopus animal caps not only promotes endoderm differ-
entiation but also prevents Xnr1 induction of mesoderm
markers (Engleka et al., 2001), whereas endoderm induced
by Mix.1 in Xenopus or by Cas in zebrafish lacks the ability
to mount mesoderm-specific responses (Lemaire et al.,
1998; Aoki et al., 2002a). Hence, cellular responses to
selected developmental cues may be determined concomi-
tantly with processes that regulate cell fate and it is
important to understand the multiple mechanisms by
which a limited number of signals can achieve a wide
spectrum of effects.
At the simplest level, ligand distribution in space and
time is a highly effective strategy; TGFs operate at differ-
ent ranges, and there is good evidence that cellular re-
sponses vary according to distance from the ligand source
(Gritsman et al., 1999; Chen and Schier, 2001). Perhaps
most importantly, a transient pulse of Nodal signaling is
sufficient to induce mesoderm in zebrafish, in contrast to
the sustained signaling required for endoderm development
(Aoki et al., 2002a). There is also the potential for diversity
among receptors and good evidence that the same ligands
activate distinct intracellular signaling pathways; the
branch points consist of Smad (Brennan et al., 2001) or
Cripto/Oep (Yeo and Whitman, 2001) proteins, and FAST
(Pogoda et al., 2000; Sirotkin et al., 2000) or Pitx2 (Faucourt
et al., 2001) transcription factors.
Additional specificity is imparted by factors such as
Arkadia, a nuclear protein whose biochemical functions are
uncertain (Niederlander et al., 2001), and by differences in
the protein complexes that assemble at relevant gene pro-
moters. Arkadia-null mice resemble nodal mutants in
lacking a node and notochord (Episkopou et al., 2001). In
Xenopus embryos, Arkadia mRNA is expressed in prospec-
tive mesendoderm and primarily displays dorsalizing activ-
ity, but in combination with VegT or Xnr1, it suppresses
mesoderm and promotes endoderm formation (Nieder-
lander et al., 2001). In this study, Arkadia interacted best
with Xnr1, weakly with Xnr2, and not at all with derriere.
The goosecoid promoter, which is active in Xenopus dorsal
mesendoderm, engages a protein complex consisting of
TGF-activated Smad2 and Mix-like proteins (Germain et
al., 2000) and exhibits high selectivity in the choice of the
latter; in the illustrative case, Mixer is the preferred mem-
ber. Accordingly, Nodal signals could lead to quite distinct
outcomes in precursor cells expressing different Mix pro-
teins and endoderm-specific genes probably respond only to
certain transcription factor combinations (Fig. 3). In efforts
that aim to unravel mechanisms of specificity, this possi-
bility deserves further investigation.
INTEGRATING A PROPOSED PATHWAY
OF ENDODERM DEVELOPMENTAL
SIGNALS
In the simplest pathway to emerge from many indepen-
dent studies, VegT, other related factors, or perhaps alter-
native determinants in some species likely function near
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the top of a transcriptional hierarchy that activates and
reinforces Nodal signaling and induces expression of Sox
17, Mix-like paired-homeodomain, and GATA proteins.
The latter factors cooperate to enhance expression of Sox17
and other differentiation products, such as FoxA2/HNF3,
but appear not to regulate each other’s expression. Ze-
brafish Sox17 expression additionally depends critically on
Cas, whose orthologs in other species are unknown. Ana-
tomic sources of the essential inductive signals vary in
different species. In zebrafish, the YSL is probably the main
source of Nodal signals (Feldman et al., 1998), whereas the
corresponding activity is generated locally by maternally
transcribed VegT within the vegetal mass in Xenopus
embryos (Xanthos et al., 2001), and unknown mechanisms
restrict Nodal expression to the node in early mammalian
development (Zhou et al., 1993).
An appealing dynamic view of vertebrate endoderm de-
velopment emerges when this molecular pathway is con-
sidered in the light of classical blastomere transplantation
studies, which reveal progressive determination of endoder-
mal cell fate between midblastula and early gastrula stages
in Xenopus embryos (Heasman et al., 1984; Wylie et al.,
1987). If a maternal determinant like VegT primes the
prospective endodermal field, and sequential activation of
selected transcriptional regulators results in the progressive
acquisition of endodermal identity, then perhaps this fate is
determined only upon sustained expression of a relatively
late regulator such as Sox17. Some degree of plasticity
between mesodermal and endodermal identity may persist
until such a state is established. Indeed, recent results point
to two discrete phases in the Xenopus endodermal program
(Yasuo and Lemaire, 1999). In early stages, characterized by
activation of Mix.1, Sox17 and various TGF- family
members in response to maternal determinants, the nas-
cent endoderm shares features with the emerging meso-
derm, and expression of crucial factors is probably labile. In
the second phase, in which Mixer and GATA proteins are
recruited to reinforce expression of Sox17 and Mix.1, the
previous lability is lifted and commitment to endodermal
cell fate ensues. Other observations also support the notion
of stable endodermal gene activity following an initial
period of expressional instability (Horb and Slack, 2001).
Overexpression of VegT in Xenopus animal cap explants
induces only a subset of endodermal genes (Yasuo and
Lemaire, 1999) and Sox17 does not alone restore endoderm
in VegT-depleted embryos (Xanthos et al., 2001). Similarly,
although Bon and Fau/Gata5 mRNAs increase endoderm
formation in zebrafish cas mutants, they induce Cas ex-
pression only in the marginal zone of prospective endoderm
and not elsewhere (Kikuchi et al., 2001). Taken together,
these results imply that signals other than those outlined in
Figs. 2 and 3 are required for endoderm induction per se.
Maternal determinants besides VegT must facilitate Xeno-
pus endoderm formation and the signals converging on Sox
17 represent only one essential segment of the relevant
pathways. Thus, although the present synthesis serves a
useful heuristic purpose, additional complexity is sure to
follow.
In sum, the functions of endoderm-inducing transcription
factors include: (1) initiating regional expression of essen-
tial zygotic ligands; (2) sequentially activating a transcrip-
tional cascade that confers endodermal identity at the
expense of alternative cell fates; (3) activating stage-specific
endodermal genes while silencing genes associated with
other germ layers; (4) generating a machinery to respond to
growth and differentiation signals; and, as discussed further
below, (5) establishing domains of chromatin configuration
that prime cells for subsequent high-level expression of
differentiation products. Identification of the key regulators
and consideration of these functions have set the stage for a
fuller understanding of underlying mechanisms.
OTHER REGULATORS OF ENDODERM
DEVELOPMENT
Aside from the unified transcriptional and signaling path-
way outlined in this review, a number of other factors are
also found to regulate early endoderm differentiation, al-
though it is unclear how their roles intersect. Mammalian
hepatocyte nuclear factors (HNFs), a heterogeneous group
of proteins originally identified as regulators of liver gene
expression, execute essential roles at many stages in
endoderm development. In particular, FoxA2/HNF3 func-
tions cell-autonomously to specify the node, notochord,
and prospective foregut and midgut endoderm (Ang et al.,
1993; Dufort et al., 1998), and HNF4 may act within a
GATA6-dependent pathway in the early mouse endoderm
(Chen et al., 1994; Morrisey et al., 1998). A vegetally enriched
Xenopus maternal mRNA encoding a conserved RNA-binding
protein homologous to Drosophila Bicaudal-C induces ectopic
expression of selected endodermal markers when overex-
pressed (Wessely and De Robertis, 2000). Another Xenopus
factor, XenF, unrelated to any known gene and induced upon
overexpression of VegT, activates selected endodermal mark-
ers (Nakatani et al., 2000). Although Wnt signaling appears to
be required for proper differentiation of the gut epithelium
(Korinek et al., 1998; Lickert et al., 2000), disruption of the
Wnt pathway has insignificant effects on early endoderm
development in diverse vertebrate models. However, Xenopus
Sox17 proteins associate directly with -catenin and inhibit
the transcriptional output of Wnt signals (Zorn et al., 1999a);
this interaction may be important in Sox17 activity after the
endoderm is already established. An important challenge in
the field is to understand how other diverse candidates inter-
act with the integrated pathway described in this review.
QUESTIONS AND DIRECTIONS
FOR THE FUTURE
Virtually every transcriptional determinant uncovered by
positional cloning in zebrafish has a function previously
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suggested in Xenopus endoderm formation using different
experimental approaches. Does this remarkable conver-
gence of regulators imply that the field is close to having
identified the entire complement of critical transcription
factors? Appealing as this prospect may appear, it is more
likely that specification of germ layer identity requires
considerable refinement through mechanisms that are pres-
ently unappreciated. Now that many of the essential tran-
scriptional regulators are known, attention will shift natu-
rally toward biochemical analyses in efforts to elucidate
mechanisms of action, the extent of functional redundan-
cies, and other developmental cues that regulate lineage-
specific gene expression. More investigation is also needed
to better understand how vertebrate Nodal signals, which
influence development of diverse embryonic tissues, are
interpreted to induce endoderm.
An important aspect of this question is how individual
DNA cis-elements integrate developmental signals. The
study cited above on goosecoid promoter regulation in
Xenopus embryos (Germain et al., 2000) provokes consid-
eration of one molecular mechanism that may operate more
generally, and undoubtedly with subtle variation across cell
types. Another recent study demonstrates that the murine
Hex gene is regulated very differently in the early endoderm
and in late endoderm-derived or other tissues (Rodriguez et
al., 2001). These studies illustrate that transcription factors
and cis-elements are extremely context-dependent, and
further investigation will deepen understanding of how
cells fashion precise gene responses to developmental cues.
Another gap in our present knowledge centers on the
essential genes regulated by endoderm-determining tran-
scription factors. Although these proteins are thought to
activate transcriptional programs that progressively define
the emerging endoderm, almost nothing is known about the
composition of these programs and characterizing them
will soon need to become a focus of research. To this end,
the present hierarchy of transcriptional regulators has the
added value of marking individual stages in early endoderm
development that are morphologically concealed. Thus, one
may now legitimately regard the process in terms of mo-
lecular markers, including T-box, Mix, Sox, and GATA
factors, whose expression will need to be correlated with
morphologic alterations, sites of cell migration during gas-
trulation, and progressive endodermal commitment.
Finally, it is here worth considering the latent capacity of
the early endoderm to express genes typically regarded as
indicators of more advanced differentiation, including
markers of the adult gut, liver, and pancreas. This capacity
may be realized surprisingly early in development, and in
this sense, germ layer specification may be regarded in
terms of the restricted potential for daughter cells later to
express many lineage-specific genes at high levels. Studies
in Xenopus suggest that the pregastrula endoderm is par-
tially patterned for restricted but labile expression of se-
lected regional markers (Gamer and Wright, 1995; Henry et
al., 1996; Zorn et al., 1999b); robust expression is probably
achieved only after lineage commitment and in response to
stabilizing signals (Huxley and de Beer, 1963; Horb and
Slack, 2001). Addressing the underlying mechanisms, el-
egant experiments reveal a pre-transcriptional “potentia-
tion” state (Zaret, 1999). Cis-regulatory elements in the
mouse albumin gene reveal occupancy of HNF-3 and
GATA-binding sites in pluripotent progenitors long before
there is active gene transcription or morphologic hepato-
cyte differentiation (Gualdi et al., 1996; Bossard and Zaret,
1998). Similarly, a preinitiation complex that includes
HNF-1 and phosphorylated RNA polymerase II is found on
the enterocyte I-antitrypsin promoter days before gene
transcription in cultured CaCo-2 gut epithelial cells (Sou-
toglou and Talianidis, 2002). Transcription factors hence
serve to establish domains of chromatin configuration in
early progenitors that facilitate high-level expression of
lineage-specific genes in future cell generations. Such epi-
genetic modifications probably render responsiveness to-
ward future signals, and are very likely at the heart of the
gradual emergence of cellular identity during development.
Further investigation along these lines will clarify mecha-
nisms of vertebrate endoderm differentiation with increas-
ing sophistication.
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